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ABSTRACT 

Recent experiments at Serpukhov, NAL. and CERN 

indicate a strong correlation between neutral and charged 

pions produced in high energy collisions, in contrast to the 

trend shown by data at lower energies. This study of the 

energy and charge dependence of these correlations indicates 

that they do not depend upon the initial state particles and 

that they are in reasonable agreement with the critical fluid 

gas model. These high energy correlation data are also 

studied in terms of a semi-inclusive Koba-Nielsen-Olesen 

scaling relation. 
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One of the striking fcalures of high energy collisions as revealed by 

recent Serpukhov. NAL,. and CERN ISR data is the strong correlation be- 

tween neutral and charged pions. The average number of no1s produced in 

a pp collision is observed to depend upon the number of associated charged 

particles produced. This correlation at high energy differs from that ob- 

served at lower energies. In this letter, we characterize the energy depend- 

ence of this correlation and demonstrate that this correlation increases with 

energy but is independent of the initial colliding particles. We study this 

neutral and charged particle correlation in terms of current theoretical 

models and in the framework of a new form of Koba. Nielsen and Olesen (KNO 

scaling which gives definite predictions for the semi-inclusive reaction 

PP’ no + n charged particles. (1) 

In addition, comparisons are made with the correlations between various 

charged particles in the final states. 

Figure 1 shows the average number of neutral pions. c nno > , as a 

function of the associated number of negative particles. n-, at various inci- 

dent momenta ranging from 12 to 1500 GeV/c for all the available data1 fZ-OZ-II 

* 
pp, n P, and n n interactions. We note that the correlation between a0 and n- 

(for all incident momenta up to 1SR energies. m- production dominates over 

that for K- and p) increases monotonically with incident laboratory momen- 

tum. To investigate the energy dependence of these correlations, we param- . 

eterize the trend of the neutral and negative pion correlation as shown in 

Fig. 1 by the following expression: ‘- . 
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<n,0 >= c7n +R (2) 

where a, 6 are energy dependent parameters. With regards to this form. 

we note that it is a form that renders a simple meaning to the parameter ~1 

which indicates the amount of no that is coupled to n-. (For example, in P- 

production, every q 0. IS coupled ton- and CI= 1.) We should point out, how- 

ever, that with improved statistics in the distribution of < n,. > versus n- , 

one might discern deviations from this linear form, especially for small or 

large charged multiplicity. For small n-. deviations may arise from diffrac- 

2 
lion-like processes. At the other extreme, departures may come from con- 

sewation of energy. In these casts, one can confine the linear parameteriza- 

Lion to the intermediate values of n which, nrvert.heTess. characterize the 

I,ulk of pion production in high energy rollision!:. Ilowcvrr, with the exception 

of the 205 GeVic data’ the present statistical acwmt’y of the data does not 

wart-ant this. 

In P‘ig. 2, the parameter n is plotted ~1s a Flrnction of E which is the 

available energy3 in the CM system. The rrN data are in good agreement with 

the pp data and, therefore, indicate that these correlations do not depend on 

the initial state particles. To understand the dependwce of a on E, we are 

motivated by the recent success of the gas-fluid analogy. Arnold and Thomas4 

have.shown that the properties of a one-dimensional gas can~be profitably 

applied to high energy collisions because of the gcncr?l limitation in trans- 

verse momentum. This model has been generalizctl I)y Thomas5 to high 

energy interactions in which two kinds or particles at-r prorluccd. Thcsc parti- 

<.les are trrated as \‘an dcr \‘+‘~a1 fluids interacting al the critical point. The 
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prediction of this model is shown as the solid curve in Fig. 2 and is in reason- 

able agreement with the data. Two features are to be noted. In this model, 

the independence of the correlation on the initial state particles is to be ex- 

pected and the negative value of (I observed at low energy is a reflection of 

energy conservation which necessarily restricts < nTTO > once the charged 

pions are produced. At incident momenta above - 10 GeV/c. the energy con- 

straints become less important and any increase in a reflects dynamical 

correlation. 

In order to compare the relative strengths of these no IT- correlations 

with those between a pair of charged final state particles, we now express 

these correlations in terms of the Mueller parameters. 6 
In particular, the 

two body correlation parameter f2 is defined as 

{ 

<n(n-l)> - <n> 2 

12 = 
for n, ‘“2:“. 

<nln2> - <nl> <n2> fornl # i3 
2 

. 

ab 
In Fig. 3 we show the various f2 parameters in pp collisions as a function 

of incident laboratory momentum (a and b indicate the charge of the two types 

of particles; cc indicates the correlation between charged particles regard- 

less of the sign of their charge). We note that not all of the parameters 

presented in Fig. 3 are independent, for example, for pp collisions f2-- 

++ 
= f2 

+o -0 cc 
+ 2, f2, = f2, , and f2 = 4r2+- - <n>. Furthermore, f200 is not 

known, at present. as there are no data on the IT 
Cl 

multiplicity distributions 

in high cncrgy collisions. We observe that the strength of the nn corrclnlion 
. . 

l~ccomcs inrrc:l::in::ly more positive with hither cncrpy. In particular. f2 -0 
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is signiticantly different from zero for Plab > 

ing at the highest energies presently available. 

50 GeV/c and is still increas- 

These data also show that 

at high energy the following ordering is obtained: 

CC 
f2 

+ ‘- 
> f2 > f2 -O> r--, 2 

which implies that, after integration over all transverse and longitudinal 

momenta, a neutrally charged pair of particles is more strongly correlated 

than a singly charged pair or a doubly charged pair. We have studied these 

f2 parameters in terms of both a simple fragmentation model2 and a critical 

fluid model. 
5 

The results show that the data are in fair agreement with the 

critical fluid model which predicts a (In’s) 3’2 dependence with energy whereas 

the simple fragmentation model gives a s l/2 dependence which seems too 

strong in the present energy range. Furthermore, f200 is predicted to be 

equal to +- f2 for the fragmentation model, while f2O” f f2-’ in the critical 

fluid model. This suggests that a measure of f200 at high energy &ld prove .\ 

a useful discriminator of high energy production processes. 

We have further examined the energy and charge dependence of these 

correlations in the framework of a semi-inclusive scaling law proposed by 

Koba. Nielsen and Olesen (KNO). 
7 

The semi-inclusive scaling law has re- 

cently been shown to work well for the charged multiplicity distributions in 

hadron-proton collisions, a. 9 although there are indications that it is only 

obeyed by data for a limited energy range. 9 We now derive a new form of 

KNO scaling for the semi-inclusive reaction given in (1) and compare the 

prediction with the available data and other models. 
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We start-with the exprcssion7 

<nb <no> d”, no) =J1(L -, “O ) 
r. me1 

<n>’ <no> (3) 

where u(n,no) is the cross section for producing n charged particles and no 

neutral particles, vine1 is the total inelastic cross sectiori, <n> and <n > 0 

are the average number of charged and neutral particles respectively, and + 

n is an energy independent function which depends only on < “, = z and 

“0 - = y. As discussed above, there areno .available data on u(“, no). 
<no> 

However, data on the semi-inclusive reaction (1) provide a measurement of 

the inclusive no cross section as a function of the charged particle multiplicit: 

o”ho) ,= ,z no U(“. no). 
0 

(4) 

my combining (3) and (4). we obtain 

onW) = 
<no> (r. 

me1 
_ <n> s “1 

<n 4J (2.Y) 

0 

SY, 
<no> (r. me1 

I 
y dy JI (z.y) = 

<no> r. mel. 
<“> <n> 

-a2 (2) . 

We thus derive the following scaling law for semi-inclusive n? production: 

<n> un(nO) 
“) 

’ “ITO ’ uinel 
= @2 (a> 

analogous to the KNO scaling equation 
7 

(r 
<“> n “1 r. me1 

=‘l(<n> ’ 
. . 

(5) 

(6) 
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where (rn is the cross section for producing n charged particles. In Fig. 4 

we test this scaling prediction by plotting the high-energy pp data fPlab > 50 

GeV/c) as a function of n/ <n > = z. Since it has been shown’ that thepp 

data’ at 15 GeV/c also satisfy the same form of IWO scaling (Eq. 6) as the 

pp data, the no data from this experiment have also been included. Figure 4 

thus indicates that the data suggest a single function, a2 (2). independent of 

both the initial state particles and, for the limited range available, the inci- 

dent energy. The solid curve in Fig. 4 represents a least-squares fit to the 

data using the form e2(z) = b exp (f The result for m = 4. and 0 
i= 1 

=iZ1.). 

6 z ‘6 2. 9 (yielding X2/NDF = 16. E/29) is: 

~~(2) = 0.,072 exp(7. 302 - 5. 61z2 + 1.622 3 
- 0. 22a4L 

It should be emphasized that this function may change in form with higher 

energy; however, for the scaling law to be meaningful, there should still be 

a single function for all hadron-hadron collisions. It is interesting to note 

that this scaling equation i51, with the same Q2 as for rr”, will also hold for 

KS” production data, insofar as the ratio of KS”/vo is found to be independent 

of the charged multiplicity in high energy pp collisions. 
1 

It can be shown that Eqs. 151 and (6) are equivalent to the following 

ratios of momrnts 

<nonq> 
<no> Cn> q 

P c 
I,q 

and d 
q+l 

being energy independent for q = 1. 2, 3. etc. The first four moments are 

found to be constant and their averages are listed in Table I. We note 10 
that 
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dq< c1.q 
<d 

q+l’ 
which indicates that neutral and charged particles are 

correlated but that this correlation is not as strong as that between just 

charged particles. These c~,~ and dq moments can easily be related to the 

Mueller parSmeters. Iri parti&lar. for q = 1 we have 

f2” : 2 
(d2 - 1 - 0.25 <n> 

s-m 

+- 
f2 

z ; (d2 - 1) <“>2w.0.06 <“By 
s-m 

-0 
f2 

= i(cl 1- 
. 

1) <“> <no> s---o.o7 <“> <no> 

-- 4 
f2 

‘2 = +(d2 - I~-- 
<“> 

+ -2) <“>2, s---a 0.06 510~ 
< n > 

As c n > and < no > are generally assumed to increase logarithmically with 

energy. the semi-inclusive scaling law predicts the following behavior for f2 

at very high energies: 

. 2 
a) ‘2 0 (In s) , as compared to a (In $1 312 dependence in the critical 

fluid model and a s l/2 dependence in the fragmentation xko~del, and 

b) f2” = 4 f2+- = 4 f2--. and, if we further assume <” > 1 2 <no>, 

we have f2 
+- -0 

I f2-- > f2 . 

The second prediction is particularly interesting as the charge Order.ing Of 

the correlations differs from that which is observed for the data below 303 

GeVlc. 



-$)- 

In summary, the results of the present analysis indicate that there is 

a monotonically increasing energy dependence to the nor- correlation which 

does not seem to depend on the identity of the initial state particles. The 

relative strengths of the TT~ correlations show that at present energies neutral 

pairs are mow strongly correlated than charged pairs. These two phenomena 

are accounted for reasonably well by the critical fluid model and in the frame- 

work of Koba-Niels,en-Olesen scaling. The latter however Fredicts a (In s)~ 

dependence for all f2 and a change in the ordering of the charge dependence at 
. 

much higher energies. 

We wish to acknowledge m&t informative discussions with C. Pascaud 

and G. Thomas. 
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TABLE I ‘. 

Ratid of Moments 

9 
<no”q>/<“o> <n>q q+l q+l <n >I<rl> 

1 1.14 f 0.02 1.25 f 0.01 
- 

l 
1.51 

0.02 
2 f 0.04 1.82 

2.96 l 0.05 
3 2.26 f 0.11 

4 3.69 zt 0.25 
5.27 i 0.11 
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FIGURE CAPTIONS 

Fig. 1 Average number of neutral pions versus negative charged 

multiplicity for pp and aN collisions. The 0’s are obtained 

from fitting the data to < nTiO > = a n + B. 

Fig. 2 @ as a function of the available energy E (see text). The 

solid curve is a prediction of the critical fluid model (see 

Ref. 5). 

Fig. 3 

Fig. 4 

The correlation parameters, f2, as a function of the incident 

laboratory momentum for pp collisions. The superscripts 

refer to the charge of the two final state particles. The solid 

(dashed) curves are predictions from a fragmentation (critical 

fluid) model. 

Plot of <n > on( < ox0 > wine1 versus nl c n > for the 

reactions pp. pp - no 
.i 

+ n charged particles. The solid curve 

is an empirical fit to the da‘ta (see text). 
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